INTRODUCTION
Ruminants occupy an advantageous niche in the animal kingdom. Due to their digestive 62 adaptations ruminants are capable of converting fibrous, cellulose-rich plant material to 63 energy sources (Van Wieren S.E., 1996). These fibrous materials are firstly subject to pre-64 gastric fermentation, secondly regurgitated at frequent intervals, re-chewed and finally 65 swallowed back for further degradation. 66 Rumination reduces the particle size of feedstuffs for rumen degradation, and initiates the 67 process of extracting soluble contents from the feed (Van Soest, 1994) . Furthermore, by 68 stimulating saliva production, rumination aids in maintaining correct rumen function by 69 keeping rumen pH within a suitable range for microbial cellulolytic activity (Beauchemin et 70 al., 1989) . A combination of factors influence rumination including: nutritional factors, the 71 physical and chemical characteristics of the food material, environmental stressors and day 72 length. For example, rations with fibrous feeds increase chewing activity, while high 73 concentrate rations reduce rumination, which could lead to rumen acidosis. 74 Rumination has a significant impact on intake and forage utilization, which directly correlates 75 to performance, health and welfare. Therefore it has been proposed that rumination activity 76 could be used as an indicator of animal health and welfare ). Changes in 77 rumination time may be used as a proxy measure of illness or changes in health status, i.e. if 78 detected, subtle changes in rumination activity could help in the detection of subclinical 79 diseases before they progress and become a clinically apparent concern. To further 80 investigate this possibility, accurate and precise methods to measure rumination time are 81 required. 82 Visual observation is the standard and more reliable method to measure rumination. This can 83 be done either through direct observations or by analysis of video recordings, however it 84 presents some disadvantages, e.g., requires trained personnel and the number of animals that 85 can be observed at a time is limited. Analysis of video recordings, on the other hand, allows 86 observation of groups of animals and can be performed outwith the study site. Video 87 observation also has limitations as it requires trained personal and relies on expensive 88 infrastructure. 89 To overcome the difficulties posed by monitoring and recording behavior, automated 90 equipment to record feeding behavior (eating and/or ruminating) have been developed. These 
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Automatic recording systems present advantages over visual observations however these 98 devices need to be tested and validated to ensure that the obtained data is reliable and 99 accurate. In the past few years the rumination collar (RC) (SCR Engineers, Israel) has 
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When the RC were evaluated on other environments (under on-farm conditions), evaluation 110 was either not performed against known rumination behavior (Byskov et al., 2014) ; or the 111 evaluation showed the RC performance to be very poor and inconsistent (Goldhawk et al., 112 2013; Elischer et al., 2013) . Furthermore these previous evaluations of the RC did not use 113 statistical analyses that took into account the repeated measures performed on individual 114 cows.
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Although the performance or output of the RC has been under scrutiny in the past years, the 116 consensus seems to be that further evaluation and validation are needed (Schirmann et al., 171 In all Trials, a RC (Qwes-HR Lely Ltd., England UK) was fitted to each cow to record 172 rumination. A tag reader was located at the exit of the milking parlor so data from the RC 173 was downloaded to and stored, at least twice a day, after each milking. This prevented 174 overwriting of the data as the RC internal memory capacity has only a 22 h storage capacity.
Data collection
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The raw data from the RC was then collated. The output presents rumination in minutes per 176 two hour periods (02:00 h, 04:00 h, 06:00 h or 01:00 h, 03:00 h, 05:00 h, etc.) over a day. between the rumination times obtained from the twice analyzed periods (r = 0.99, P = 0.001). Table 2 ). The LoA plot (Fig. 1) shows an evenly distributed 251 scatter of measurements with no patterns and there is no clear tendency of the difference 252 between methods to get either larger or smaller as the averages increase. The RC reported 253 rumination times that were on average 1 min (95 % C.I. -24 and 27 min) shorter than those 254 recorded by analysis of videos.
Relationship between rumination times obtained with RC and analysis of video
Relationship between rumination times obtained with RC and direct observations.
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Individual plots of the relationships between the two methods showed large variation in the If the data from all cows were considered then a significant positive relationship was 261 observed (P = 0.001, Fig. 3) , with the slope very close to 1 (slope = 1.02, Table 2 ). Excluding 262 cow Cd from the analysis made little difference to this (slope = 1.02). In either cases the 263 slope was not different from 1 (P = 0.72) 265 In Trial 1, behavior was recorded in a total of 14 2 h periods (one 2 h period per cow). The 266 RC recorded a mean rumination time of 31 ± 5 min / 2 h that was similar to the mean Fig. 4) , with the slope very close to 1 (slope = 273 1.08, Table 2 ), when testing, the slope was not different from 1 (P = 0.71).
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Relationship between rumination times obtained with RC and direct observations.
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In Trial 2 behavior was recorded for a total of 28 2 h periods (two 2 h periods per 20 min) shorter than those recorded by direct observations. As with Trial 1 a significant 280 positive relationship was observed (P < 0.001, Fig. 5) , with the slope close to 1 (slope = 0.93,
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Table 2) the slope was not different from one (P = 0.63).
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In Trial 3 behavior was recorded in a total of 28 2 h periods (two 2 h periods per Table 2 ). However when tested statistically, the slope was not different from 1 292 (P = 0.06). recording rumination due to the inability of detecting the start and finish of each rumination 308 bout, or due to the fact that the cow's head was not visible to the observer at a distance. In 309 this study such problems were not an issue. For the analysis of video recordings only 2 h 310 periods were used when it was possible for the observer to detect start and finish of the 311 rumination event and when the cow was visible, time slots that did not comply with this were 312 eliminated. Three weeks before the start of the recordings by direct observations, cows were 313 accustomed to the presence of the observer. Furthermore the observer was able to determine 314 start and end of the rumination at all times from a distance far enough as to avoid affecting 315 the cow's natural behavior i.e. changing current behavior or moving away from the observer. confidence intervals and a slope far from 1.
333
Similarities were found across the three trials with previous work performed using cows 334 housed in a pasture based automatic milking system (Elischer et al., 2013) , where differences 335 between the two measurements of up to 50 min / 2 h were recorded and the RC in average 336 recorded, shorter (up to 50 min/2 h) rumination times than visual observations.
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In general, although no marked tendency was observed, it is nonetheless noteworthy that in 338 several observations, the RC reported rumination time (1 to 25 min / 2 h) when nothing was 339 recorded by the observer (Figs. 3, 4 and 6 ). Similar results have been reported for the RC 
